8 Evolutionary changes in functional traits represent one possible reason why exotic species spread 9 to become invasive, but empirical studies of the mechanisms driving phenotypic differentiation 10 between populations of invasive species are rare. This study tested whether differences in distal 11 spine length among populations of the invasive cladoceran, Bythotrephes longimanus, could be 12 explained by local adaptation or phenotypic plasticity. We collected Bythotrephes from six lakes 13 and found that distal spine lengths and natural selection on distal spine length differed among 14 populations, but were unrelated to the gape-limitation of the dominant fish predator in the lake 15 from which they were collected. A common garden experiment revealed significant genetic and 16 maternal variation for distal spine length, but phenotypic differences among populations were 17 not genetically based. Phenotypic differences among lakes in this ecologically important trait are, 18 therefore, the result of plasticity and not local adaptation, despite spatially variable selection on 19 this heritable trait. The ability of Bythotrephes to plastically adjust distal spine length may 20 explain the success of this species at invading lake ecosystems with diverse biotic environments.
Introduction
the spine at each instar molt (Branstrator 2005) . These segments are each separated by paired 139 articular spines (Fig. 1) , which allow the instar stage to be identified and the length of each 140 segment to be measured separately (Yurista 1992) . Like most cladocerans, Bythotrephes have a 141 cyclically parthenogenetic life cycle, reproducing apomictically (i.e. clonally) multiple times 142 before reproducing sexually at the end of the growing season (Yurista 1992; Branstrator 2005) . 143 Apomictic reproduction produces eggs that immediately develop into young in the brood pouch, 144 whereas sexual reproduction results in resting eggs that overwinter on the lake bottom before 145 hatching the following spring (Yurista 1992; Branstrator 2005) . Supplementary Material, Fig. S1 ). Predation on Bythotrephes in three of the lakes (Peninsula, 150 Mary, and Fairy; hereafter, GLP lakes) is thought to be dominated by the gape-limited fish 151 predator, rainbow smelt, while in the three other lakes (Boshkung, Harp, and Drag; hereafter, 152 NGLP lakes) predation is thought to be dominated by the non-gape-limited fish predator, cisco 153 (Strecker et al. 2006; Young and Yan 2008; S. J. Sandstrom and N. Lester, unpublished data) . 154 Although rainbow smelt are present in Boshkung Lake (Young and Yan 2008), cisco have been 155 reported to be more abundant and were considered to be the dominant Bythotrephes predator 156 (Strecker et al. 2006; Miehls et al. 2014) , so Boshkung was classified as a NGLP lake. predators, and other fish predators of Bythotrephes) (Hovius et al. 2006; Strecker et al. 2006; 162 Young and Yan 2008). Although Harp Lake is much smaller than the other lakes, several studies 163 have found that it is ecologically similar (Hovius et al. 2006; Strecker et al. 2006; Young and 164 Yan 2008). Five of these six lakes (excluding Drag) were previously used by Miehls et al. (2014) 165 to test for the effects of GLP on natural selection and local differences in distal spine length.
166 Miehls et al. (2014) sampled an additional lake (Kashagawigamog, NGLP) but sample sizes 167 were too low to measure natural selection. We sampled Drag Lake (NGLP) instead of 168 Kashagawigamog to balance the experimental design.
169

Sample Collection 170
Bythotrephes were collected using a conical zooplankton net with a 0.5 m diameter 171 opening and 363 μm mesh size. To measure distal spine lengths and natural selection for each 172 lake, Bythotrephes were collected with the net horizontally towed at a depth of 10-15 m, and 173 approximately 100 individuals were haphazardly chosen and immediately preserved in 95% 174 ethanol. For the common garden experiment, live Bythotrephes were collected using a vertical 175 net tow (instead of a horizontal tow) through the top 15 m of the water column, and 30-40 176 actively swimming individuals without pigmented brood pouches were individually isolated in 177 60 mL jars containing 50 mL of lake water filtered through a 63 μm sieve. A vertical net tow was 178 used to collect individuals for the common garden experiment because it minimizes damage to 179 the animals associated with turbulence, whereas a horizontal tow was used to collect individuals 180 to measure phenotypic differences and selection because animals could be collected in greater 181 quantity. All collection methods were based on those reported by Kim and Yan (2010) and 184 We used a common garden experiment and clonal breeding design ( Fig. 2 ) to measure 185 genetic and maternal variation for distal spine length, and to determine whether phenotypic 186 differences among populations were genetically based. During the three-day collection period, 187 all live Bythotrephes were maintained at the Dorset Environment Science Center (DESC, Dorset, 188 Ontario) in a climate controlled facility (20°C, 14L:10D photoperiod) in lake water filtered 189 through a 63 μm sieve from their "home" lake. Afterwards, the cultures were moved to an 190 environmental chamber at the Hagen Aqualab (University of Guelph, Guelph, Ontario) under the 191 aforementioned temperature and photoperiod and introduced to the common garden medium.
Common Garden Experiment
192
The medium was an autoclaved mixture of lake water filtered through a 63 μm sieve from the six 193 sampled lakes (i.e. each Bythotrephes was reared in water that was 1/6 th of their local 194 environment). Bythotrephes received daily water changes and were fed ad lib with 195 approximately 150 Artemia sp. nauplii that were less than 30 h old (Miehls et al. 2012). 196 Clonal lines were initiated using 188 wild-caught individuals (28-37 per lake), and were 197 reared in the common garden through two apomictic generations (Fig. 2; Miehls et al. 2012, 198 2013). Once a female produced offspring she was preserved in 95% ethanol within 24 h. All 199 offspring were individually transferred to 60 mL jars containing 50 mL of common garden 200 medium, also within 24 h (Miehls et al. 2012) . Of the 188 clonal lines, 12.2% produced second-201 generation lab-born offspring (7-37 individuals per lake; Supplementary Material, Table S1 ). used to measure the length of the distal spine segment from the tip of the tail spine to the first paired articular spines ( Fig. 1 ) to the nearest 0.001 mm. Instar was assessed by counting the 207 number of paired articular spines on the total tail spine ( Fig. 1 ). 209 We tested for phenotypic differences in mean distal spine length among lake populations 210 using one-way ANOVA with distal spine length of wild-caught, first instar individuals as the 211 response variable and lake as the predictor, where a significant effect of lake would indicate that 
208
Comparing Distal Spine Length among Natural Populations
235
We calculated selection differentials (Falconer and Mackay 1996) for each population as 236 the difference between the mean distal spine lengths for the first two instar stages (Miehls et al.
237
2014). The statistical significance of these selection differentials for each population was 238 assessed using Welch t-tests (two-tailed). In these analyses, a statistically longer mean distal 239 spine for second instar individuals compared to first instar individuals would indicate significant 240 selection for longer distal spines in that lake. Additionally, to compare to other published 241 estimates of selection, standardized selection differentials (i.e. selection intensities) were 242 calculated by dividing the selection differential for a lake by the standard deviation of distal 243 spine length for first and second instar animals from that lake (Miehls et al. 2014) .
244
To statistically test whether selection on distal spine length differed among lakes, we 245 used two-way ANOVA with distal spine length of wild-caught first and second instar animals as 246 the response variable, lake and instar as predictors, and a lake-by-instar interaction. In this 247 model, a significant effect of instar would indicate that there was selection on distal spine length 248 irrespective of lake; a significant effect of lake would indicate that distal length differs by lake 249 irrespective of selection; and a significant lake-by-instar interaction would indicate that selection 250 differs among lakes. To determine whether selection varied consistently with predation regime, 251 we fitted a LME model with distal spine length of wild-caught, first and second instar animals as the response variable, predation regime, instar, and a predation regime-by-instar interaction as 253 fixed effects, and lake as a random effect. In this model, a significant effect of instar would 254 indicate that there was selection on distal spine length irrespective of predation regime; a 255 significant effect of predation regime would indicate that distal length differs by predation 256 regime irrespective of selection; and a significant predation regime-by-instar interaction would 257 indicate that selection depended on the gape limitation of the dominant fish predator.
258
Determining Genetically Based Differences among Populations 259 We reared Bythotrephes from all study lakes in a laboratory setting under identical 260 conditions for two generations to eliminate phenotypic differences among populations that may 
Estimating Broad-sense Heritability and Maternal Effects 276
The clonal breeding design that we used ( 
Assessing the Significance of Random Effects 298
For all LME models, the statistical significance of the random effects was assessed 299 through model comparisons using likelihood ratio tests in which the change in the log-likelihood 300 between the more complex model and the simpler model was assumed to follow a chi-squared 301 distribution where the degrees of freedom were equal to the difference in the number of 302 parameters between the more complex and simpler models (df = 1 in all cases here). For models 303 with one random effect, we fitted one additional model with the same fixed effects but without 304 the random effect. The significance of the random effect was assessed by comparing these two 305 models. For nested models (i.e. models with multiple nested random effects), we fitted additional 306 models with the same fixed effects but with successively fewer random effects, starting with the 307 removal of the most nested random effect. The significance of a random effect was assessed by 308 comparing the model that included the random effect of interest to the simpler model without 309 that random effect. All statistical analyses were conducted using R version 3.2.2 (R Core Team 310 2015). The statistical assumptions of homoscedasticity and normality were met for all models.
311
Results
312
Mean Distal Spine Lengths of Natural Populations 313
The mean distal spine length of all wild-caught, first instar individuals was 5.80 ± 0.02 314 mm (mean ± SE). Mean distal spine length differed among lakes (ANOVA: F4,225 = 17.1, P < 315 0.001), but did not differ by predation regime (Table 2; Fig. 3 ). Specifically, populations in 316 Peninsula Lake (GLP) and Boshkung Lake (NGLP) had significantly longer distal spines than 317 populations in Mary Lake (GLP), Fairy Lake (GLP) and Harp Lake (NGLP) (Tukey HSD: P < 318 0.003). There was no difference in mean distal spine length between the Peninsula and Boshkung populations (Tukey HSD: P = 0.913) and no differences among the Mary, Fairy, and Harp 320 populations (Tukey HSD: P > 0.244). No first instar animals were collected from Drag Lake.
321
Natural Selection 322 Differences in distal spine length between first and second instar Bythotrephes differed 323 by lake (i.e. a significant lake-by-instar interaction; ANOVA: F4,459 = 3.5, P = 0.008; Fig. 3) , 324 indicating that strength of natural selection differed among populations in the study lakes.
325
However, differences in selection among lakes were not consistently relatable to predation 326 regime (i.e. a nonsignificant predation regime-by-instar interaction; Table 4 ). Of the GLP lakes, 327 there was significant directional selection for increased distal spine length in Mary and Fairy (i.e. 328 the mean distal spine length in second instar individuals was larger than that of first instar 329 individuals), but selection on distal spine length in Peninsula was not significant. Of the NGLP 330 lakes, selection was not significant in Harp, but there was significant directional selection for 331 increased distal spine length in Boshkung (Table 3) . Natural selection could not be assessed for 332 Drag Lake because no first instar animals were collected from this lake.
333
Common Garden Experiment 334
The mean distal spine length of second-generation individuals was 5.06 ± 0.04 mm 335 (mean ± SE), approximately 87% of the mean length observed in wild-caught individuals. Mean 336 distal spine length of second-generation lab-born individuals did not differ among lakes (Table 5; 337 Fig. 4 ). There was, however, significant genetic variation in Bythotrephes distal spine length, 338 corresponding to a H 2 estimate of 0.24. Likewise, there was significant maternal variation in
Discussion
341
The goal of this study was to determine whether phenotypic differences in distal spine 342 length among populations of Bythotrephes in Canadian Shield lakes could be explained by local 343 adaptation or phenotypic plasticity. We found that Bythotrephes from two study lakes (Peninsula 344 and Boshkung) had long mean distal spine lengths compared to those from three other study 345 lakes (Mary, Fairy, and Harp) ; however, the mean distal spine lengths of second-generation lab-346 born individuals reared in a common environment did not differ among populations (Fig. 4) . Tables  Table 1. Field information, dominant predation regime, and water temperature at the time of sampling for each lake from which Bythotrephes longimanus were sampled.
Lake
Sample Results are reported for a linear mixed-effects model in which only the distal spine lengths of first instar individuals were included as the response variable. The significance of the lake random effect was assessed using a likelihood ratio test that compared the model to a model with the same fixed effect but with no random lake effect. F = F-statistic; df = degrees of freedom; P = P-value; σ 2 = among-lake variance; χ 2 1 = Chi-square value with 1 degree of freedom. Selection was measured as the difference in mean distal spine length between second instar animals and first instar animals for each population. Selection for Drag Lake could not be calculated because no first instar animals were collected. t and P are derived from t-tests comparing distal spine length of first and second instar animals. t = t-statistic; df = degrees of freedom; P = P-value; S = selection differential; CI = confidence interval; SD = pooled standard deviation for first and second instar individuals; i = standardized selection differential (i.e. selection intensity). Results are reported for a linear mixed-effects model in which only the distal spine lengths of first and second instar individuals were included as the response variable. The significance of the lake random effect was assessed using a likelihood ratio test that compared the model to a model with the same fixed effects but with no random lake effect. F = F-statistic; df = degrees of freedom; P = P-value; σ 2 = among-lake variance; χ 2 1 = Chi-square value with 1 degree of freedom. Results are reported for a linear mixed-effects model in which only the distal spine lengths of second-generation lab-born individuals were included as the response variable. The significance of the random effects was assessed using likelihood ratio tests that compared models with successively fewer random effects. F = F-statistic; df = degrees of freedom; P = P-value; σ 2 = variance; χ 2 1 = Chi-square value with 1 degree of freedom. Variance components were estimated from second-generation lab-born offspring in a common garden clonal analysis where the variance in distal spine length among clonal lines is the genetic variance (VG), the variance among sublines within clonal lines is the maternal variance (VM), and the variance within sublines is the environmental variance (VE). Variance components were extracted from a linear mixed-effects model with the intercept as the only fixed effect. Likelihood ratio tests indicated that the variance in distal spine length among clonal lines (χ 2 1 = 19.2, P < 0.001) and the variance among sublines within lines (χ 2 1 = 61.4, P < 0.001) were statistically significant. σ 2 = variance; CI = confidence interval. longimanus for all study lakes. Mean distal spine lengths for first instar animals labelled with 670 different letters were significantly different from one another (Tukey HSD: P < 0.003). The 671 difference in mean distal spine length between first and second instars represents the selection 672 differential for that lake. Asterisks represent significant directional selection for increased distal 673 spine length for that lake (Welch t-tests: P < 0.003; Table 3 ). No first instar animals were collected from Drag Lake. The number in each bar represents the sample size for that lake. Error 675 bars represent ± 1 standard error. 
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Figure Legends
